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ABSTRACT 


The  flammability  of  hair  and  skin  from  white  suckling  pigs  and  from  humans 
was  studied  in  atmospheres  ranging  in  oxygen  concentration  from  20.9%  (air)  to 
100%.  Neither  pigskin  nor  human  skin  would  support  combustion  in  pure  oxygen 
at  258  mm.  Hg  except  in  the  presence  of  an  artifact  consisting  of  exposed  subdcrmal 
fat  ami  local  depletion  of  heat  sink  capability.  Although  pig  bristles  and  human 
hair  burn  rapidly  in  pure  oxygen,  differences  observed  in  flame  spread  rates  and 
burning  times  indicate  that  skin  of  suckling  pigs  is  not  an  adequate  simulant  for 
human  skin  in  terms  of  response  to  an  ignition  source  in  pure  oxygen. 

Methods  of  protection  against  ignition  were  studied  with  pigskin  samples.  The 
helium  concentration  necessary  to  prevent  flame  spread  at  1  atm.  total  pressure  is 
75%  by  volume.  Salves  and  creams  are  effective  against  flame  spread  when  the 
amount  ?  applied  are  much  larger  than  those  normally  used. 

The  values  obtained  from  the  present  work  on  unshaved  pigskin  samples  to  deter¬ 
mine  flame  spread  rate  and  critical  helium  concentration  (for  zero  flame  spread) 
arc  completely  consistent  with  reported  values  for  other  types  of  combustibles. 
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L  INTRODUCTION  of  beat  will  be  necessary  for  the  combustion 


Observations  after  recent  fire3  involving 
human  subjects  in  oxygen  atmospheres  indi¬ 
cate  that  the  humans  may  have  contributed 
to  spread  of  the  fires  through  combustion  of 
their  skin  and  hair.  Since  planned  space  mis¬ 
sions  will  require  that  human  subjects  spend 
considerable  time  in  oxygen-rich  atmospheres, 
both  in  space  and  in  preparatory  studies  on  the 
ground,  the  determination  of  flammability  of 
human  skin  and  hair  and  methods  of  providing 
protection  against  such  flammability  is  cur¬ 
rently  of  significance. 

The  epidermis  or  outer  layer  of  human  skin 
is  a  tough  covering  about  1  mm.  thick.  The 
cells  of  this  layer  (eorneum)  no  longer  possess 
essential  properties  of  life  and  are  constantly 
sloughed  off  and  replaced  by  new  cells  from 
living  layers  below  them.  The  skin  surface 
is  modified  by  a  complex  surface  film  con¬ 
sisting  of  a  mixture  of  materials  held  together 
by  secretions  of  the  sebaceous  and  sweat  glands 
plus  products  of  the  cornifi cation  process.  The 
chemical  composition  of  the  cornified  cells  in 
the  outer  akin  layer  is  similar  to  that  of  hair. 
This  material,  termed  keratin,  consists  of  ap¬ 
proximately  90%  protein,  4%  water,  and  6% 
inerts.  A  sketch  of  a  vertical  section  of  human 
skin  is  shown  in  figure  1.  The  stratum  eorneum 
is  the  keratin  layer. 

The  surface  keratin,  the  deeper  epidermis, 
and  the  dermis  taken  together  contain  roughly 
75%  water,  10%  protein,  11%  fat,  and  4% 
inert  material.  Since  the  theoretical  heat  of 
combustion  of  these  layers  is  about  1,400  calY 
gm.  and  the  heat  required  to  vaporize  the  water 
is  approximately  7,860  cal./gm.  of  akin,  it  ap¬ 
pears  likely  that  a  maintained  external  source 


of  the  entire  skin  thickness.  The  stratum 
eorneum  and  the  hair  might  be  expected  to 
bum  independently  of  an  external  source,  how¬ 
ever,  because  the  heat  of  combustion  for  kera¬ 
tin  is  approximately  3,400  caL/gm.  and  very 
little  water  is  present. 

One  objective  of  this  program  was  to 
determine  flammability  parameters — including 
flame  spread  rate,  minimum  ignition  energy, 
and  total  burn  time-— for  the  skin  and  hair  of 
humans  and  suckling  pigs.  The  pigskin  sam¬ 
ples  were  investigated  as  a  possible  simulant 
for  human  skin.  A  second  objective  of  the 
program  was  to  determine  the  effectiveness  of 
three  types  of  protection  against  skin  and  hair 
flammability,  including  the  use  of  glass  fiber 
cloth,  salves  and  ointments,  and  inert  gases  to 
dilute  the  oxygen  atmosphere. 

IL  DEFINITION  OF  TEST  CONDITIONS 
AND  ANALYTICAL  METHODS 

Sample  description 

Pigskin  samples  were  strips  (6  by  10  cm.) 
cut  from  white  suckling  pigs  not  older  than 
8  weeks  and  weighing  7  kg.  or  leas.  Samples 
were  used  within  72  hours  of  slaughter.  The 
pigs  were  slaughtered  and  skinned  by  a  local 
veterinarian  who  also  cut  the  skins  into  5-cm. 
strips.  Upon  receipt,  these  strips  were  refrig¬ 
erated  prior  to  sample  preparation.  The  5-cm. 
strips  were  then  cut  to  10-cm.  lengths,  and  a 
sufficient  sample  far  analysis  (usually  about 
10  gm.)  was  removed  from  between  each  pair 
of  samples  cut  from  the  strips.  This  analyti¬ 
cal  sample  was  used  to  determine  fat,  water, 
ami  hair  content  The  thickness  of  the  pig¬ 
skin  samples  averaged  between  06  and  1.0  cm. 
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FIGURE  1 

Vertical  section  of  human  skin. 


In  most  samples  significant  subcutaneous  fat 
wa.  included,  and  muscle  tissue  was  included 
on  some. 

Human  skin  samples  were  obtained  from 
autopsies  at  local  hospitals.  Most  of  the  hu¬ 
man  samples  were  nearly  hairless,  while  sig¬ 
nificant  hair  was  present  on  all  of  the  pigskin 
samples.  Some  of  the  human  skin  samples 
used  were  available  only  in  strips  2.5  cm.  wide, 
but  most  were  about  5  cm.  wide.  Sample 
lengths  for  the  human  skin  specimens  were 
approximately  10  cm.  Preparation  was  similar 
to  that  for  pigskin,  except  that  a  few  strips 
were  not  large  enough  to  allow  fat,  hair,  and 
water  determinations. 

Sample  mounting  technic 

Each  sample  was  mounted  in  flesh  simulant 
contained  in  e  stainless  steel  pan  (10  by 


15  cm.).  The  skin  sample  plus  simulant  was 
at  least  1.25  cm.  deep  to  allow  good  heat  sink 
simulation.  The  simulant  material  slightly 
overlapped  the  edges  of  the  samples  to  pre¬ 
vent  edge  effects.  A  typical  mounted  pigskin 
sample  is  shown  in  figure  2. 

The  composition  of  the  simulant,  approxi¬ 
mately  that  of  the  major  dermal  layers,  is 
shown  below : 


Percent 

Water 

75.0 

Soap  (fat  simulant) 

—  9.0 

Hydroxyethyl  cellulose  gellenl 
(fat  simulant) 

—  15 

Gelatin  (protein) 

—  10.0 

Sodium  chloride 

—  10 

Bacteriocide  and  fungicide 

—  0.1 
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FJGUBE  2 

Typical  pifftkin  •ample  mounted  xk  fU*k  simulant. 


The  simulant  was  mixed  in  a  homogenizer 
(high  shear  mixer)  end  was  then  allowed  to 
set  for  several  hours.  After  this  the  simulant 
could  be  sliced  to  the  desired  geometry  for 
mounting  samples.  Hie  simulant  was  not  com¬ 
bustible  is  pure  oxygen  at  25S  mm.  Hg 
pressure. 


Each  sample  used  in  these  tests  was 
mounted  at  a  45-degree  angle  as  it  has  been 
reported  (1)  that  effects  of  atmospheric  com¬ 
position  are  more  easily  observed  and  are  more 
reproducible  with  samples  at  a  45-degree  angle 
than  with  samples  mounted  vertically  or 
horizontally. 
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The  first  pigskin  samples  used  were  fas¬ 
tened  to  the  steel  pans  with  Teflon  on  glass 
thread  (fig.  2)  in  order  to  minimize  shrinkage 
of  the  skin  during  exposure  to  heat.  Since  it 
was  found  that  shrinkage  did  not  occur  under 
the  conditions  used,  however,  the  suturing 
technic  was  not  used  for  most  of  the  tests. 

General  testing  procedures  and  apparatus 

The  test  chamber  was  a  steel  shell,  1.635  m. 
in  diameter  by  3.28  m.  long,  which  was  attached 
to  a  large  vacuum  tunnel  for  quick  evacuation. 
The  vacuum  tunnel  is  exhausted  by  a  high- 
capacity  five-stage  steam  ejector  system.  A 
schematic  diagram  of  the  test  chamber  and 
accessories  is  presented  as  figure  3.  Test 
chamber  specifications  are  listed  in  table  I. 

In  a  normal  series  of  tests  five  samples 
were  mounted  inside  the  chamber  on  a  45- 
degree  test  board.  The  arrangement  of  the 
steel  pans  is  illustrated  in  figure  4.  The  elec¬ 
trical  leads  in  figure  4  were  used  to  bring 
power  to  the  ignition  system,  either  an  elec¬ 
trical  arc  or  a  cotton  wad  ignited  by  a  hot  wire. 
In  a  number  of  cases  fewer  than  five  mounted 
samples  were  available,  but  most  of  the  test 
series  were_performed  with  five  samples.  A 
standard  or  blank  sample  which  was  not  ig¬ 
nited  was  used  in  most  test  series  for  which 
weight  loss  due  to  hair  combustion  was  desired. 

In  a  typical  test  series  five  skin  samples 
were  weighed,  mounted  in  simulant,  and  ar¬ 
ranged  on  the  test  board.  The  test  chamber 
pressure  was  reduced  to  about  200  mm.  Hg; 
then  99.5%  pure  oxygen  was  introduced 
through  a  drying  tube  (containing  CaSO*) 
until  the  pressure  was  again  760  mm.  Hg.  This 
process  was  performed  three  times  and  was 
followed  by  a  purge  with  99.5%  oxygen, 
amounting  to  at  least  seven  times  the  chamber 
volume.  After  this,  the  pressure  was  adjusted 
to  the  desired  level  with  or  without  the  addi¬ 
tion  of  diluent  gases.  On  the  basis  of  99.5% 
oxygen,  the  theoretical  final  atmosphere  after 
the  purging  steps  was  about  99.3%  oxygen, 
with  nitrogen  accounting  for  the  major 
impurity. 


During  the  tests  16-mm.  motion  pictures 
were  taken  of  each  sample  to  determine  flame 
spread  rate  and  total  bum  time.  After  com¬ 
pletion  of  the  tests  the  chamber  was  evacu¬ 
ated  and  filled  with  air,  and  the  samples  were 
removed  from  the  simulant  for  weighing. 

The  pressure  in  the  chamber  was  never 
below  about  175  mm.  Hg  because  of  water  loss 
from  the  sample  and  simulant  at  lower  pres¬ 
sures.  Swelling  of  the  simulant  due  to  water 
vaporization  at  pressures  below  175  mm.  Hg 
presented  problems  in  maintaining  a  constant 
arcing  distance. 

It  was  observed  early  in  the  program  that 
pigskin  samples  could  not  be  ignited  in  258 
mm.  Hg  pure  oxygen  if  they  were  not  al¬ 
lowed  to  dry  somewhat  after  removal  from 
the  refrigerator,  because  atmospheric  condensa¬ 
tion  onto  the  cold  samples  continued  to  be  pres¬ 
ent  after  the  samples  had  come  to  thermal 
equilibrium  with  the  ambient  air.  This  prob¬ 
lem  was  easily  circumvented  by  exposing  the 
samples  to  the  atmosphere  for  at  least  two 
hours  prior  to  testing.  Several  pigskin  samples 
were  also  tested  after  exposure  to  the  atmos¬ 
phere  without  covering  for  two  days.  The 
relative  humidity  in  the  preparation  room  was 
between  20%  and  30%  during  its  period  of  use 
in  this  program. 

Atmospheric  water  content  during  testing 

The  removal  of  water  from  the  gases  used 
in  the  test  atmospheres,  plus  the  large  volume 
of  the  test  chamber,  enabled  the  tests  to  be  per¬ 
formed  at  an  atmospheric  water  content  below 
that  which  might  be  expected  to  affect  the 
ignition  and  combustion  of  hair.  From  an  ini¬ 
tial  water  content  of  15.3  gr.  of  water  per 
pound  of  dry  oxygen,  the  combustion  testing 
in  180  mm.  Hg  oxygen  of  five  pigskin  samples 
plus  a  cotton  igniter  for  each  of  the  samples 
resulted  in  a  final  water  content  of  26.8  gr.  of 
water  per  pound  of  dry  oxygen.  The  dew¬ 
points  corresponding  to  these  initial  and  final 
conditions  are  —22°  and  —16°  C.,  respectively, 
assuming  that  the  perfect  gas  law  relationships 
hold  over  the  pressure  ranges  rsed  in  this 
study. 
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The  method  used  to  obtain  these  values  is 
as  follows:  An  atmosphere  of  760  mm.  Hg 
dried  oxygen  (~99.3%  pure)  was  prepared 
according  to  the  procedure  outlined  above.  The 
water  content  of  this  atmosphere  was  deter¬ 
mined  to  be  15.3  cr.  of  water  per  pound  of  dry 
oxygen  with  a  water  and  CO*  monitoring  unit 
developed  for  the  Air  Force  by  Atlantic  Re¬ 
search  (2).  In  this  instrument,  water  is  deter¬ 
mined  amperemeiriealiy  after  absorption  oa 
P-Oa  (formation  of  K3POi).  The  instrument 
is  accurate  at  relative  humidities  as  low  as  3% 
imair^  _  _  - 

After  the  initial  determination  the  pressure 
in  the  chamber  was  reduced  to  180  mm.  Hg, 
the  tests  were  conducted,  and  dried  oxygen  was 
added  to  increase  the  pressure  to  760  mm.  Hg. 
When  this  pressure  was  reached,  another  deter¬ 
mination  of  atmospheric  water  content  was 
obtained,  the  value  of  which  was  6.1  gr.  of 
water  per  pound  of  dry  oxygen.  If  it  is  as¬ 
sumed  that  no  water  entered  with  the  dried 


FIGURE  4 

Stainless  llael  pane  (sample  Maid  erg  J  arranged  on  teat  board. 
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TABLE  I 

Test  chamber  specifications 


Shell  diameter 

1.035  m. 

Length 

3-2B  7n~,  horizontal 

5.5  aim.  si  2S2*  0.  and  full 
vacuum 

Constraatiaa 

ASMS  cads,  twOdcd  steal  shill 

Access 

Quick  opening,  hinged  head 

Head  ijre _ _ 

Deamd  -  -  - 

Gottorn 

Sound 

Observation  porta 

Two,  25  cm.  in  diameter 

Instrumentation  port* 

Two,  15  cm.  in  diameter 

Internal  mounting 

Uni-Strut  channel 

Portable 

Four  nonlocking  swivel  caster* 
9 10- kg.  load  rating  each; 
overall  height:  19i>  cm. 
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oxygen,  then  all  of  the  water  detected  had  been 
contained  in  the  final  180  mm.  Hg  oxygen 
atmosphere.  Thus,  the  water  content  at  the 
conclusion  of  the  test  at  180  mm.  Hg  oxygen 
could  not  have  been  greater  than  G.i  x  760/ 
180,  or  £5.8  gr.  per  pound. 

The  measured  change  in  water  content  of 
10,6  gr.  per  pound  of  dry  oxygen  corresponds  to 
a  total  water  weight  change  of  approximately 
2  gm.,  or  about  0.4  gm.  per  sample.  This  is  a 
reasonable  value,  since  the  total  weight  losses 
for  the  samples  during  preparation  and  the 
combustion  testa  averaged  approximately  2  gm. 
per  sample. 


Fat,  water,  and  hair  analysis 


Wherever  possible,  a  portion  of  each  skin 
sample  was  analyzed  for  fat,  water,  and  hair 
content  Several  of  the  human  skin  samples 
were  too  small  to  allow  removal  of  a  sufficient 
sample  for  any  of  these  analyses.  The  analyt¬ 
ical  methods  used  to  determine  fat  and  water 
were  taken  from  reference  3.  Each  sample  was 
trimmed  to  a  thickness  of  0.9  cm.  prior  to 
analysis.  Air  drying  at  100c  C.  under  natural 
convection  was  used  to  determine  water  con¬ 
tent.  The  determination  of  fat  content  was 
performed  by  extraction  with  diethyl  ether, 
vaporization  of  the  solvent,  and  weighing  of 
the  (fat)  residue.  Hair  content  was  deter¬ 
mined  by  weighing  the  hair  shaved  from  a 
known  area  of  skin  and  was  recorded  in  units 
of  milligrams  per  square  centimeter. 

Tables  of  analytical  data  from  these  tests 
are  reported  in  appendix  1.  The  hair  content 
of  the  pigskin  samples  ranged  from  about  1  to 
8  mg./sq.  cm.,  whereas  most  of  the  human  skin 
samples  held  very  little  hair.  Average  fat 
content  for  the  pigskin  samples  ranged  from 
15%  (pig  J)  to  44%  (pigs  M  and  Q).  All  of 
the  pigskin  samples  exhibited  water  content 
between  35%  and  60%  with  an  average  of 
about  50%.  The  human  samples  exhibited 
more  variation  in  fat  and  water  content  than 
did  the  pigskin  samples.  Fat  content  of  the 
human  samples  ranged  from  6%  to  69%,  and 
water  content  varied  from  19%  to  63%. 


Sample  ignition 

Two  methods  of  sample  ignition  were  used. 
For  moat  of  the  tests  the  -igniter  consisted  of 
a  heated  Nichrome  wire  around  which, was 
wTeppeu  approximately  0.25  gm,  g£  cotton.  The 
hot  wire  plus  cotton  igniter  was  believed  to 
represent  the  genera!  type  of  source  which 
would  he  most  likely  to  cause  ignition  in.aapaee 
cabin  environment.  However,  the  cotton  ig¬ 
niter  appeared  not  to  be  amenable  to  the  meas¬ 
urement  of  minimum  ignition  energy  fbr'Keir. 

A  method  was  developed  that  utilized  an 
electric  arc  igniter  for  determining  minimum 
ignition  energy.  A  transformer  was  used  to 
bring  the  voltage  across  a  1.6-nun.  gap  {be¬ 
tween  electrode  and  skin  surface)  to  3,42C  v. 
(60  cps  ax.).  The  switching  arrangement  was 
designed  to  allow  consecutive  ignition  of  five 
samples  without  arcing  at  the  switch  contacts. 
The  duration  of  the  arc  was  set  by  a  timing 
switch,  and  the  exact  duration  was  determined 
by  an  oscillograph  trace.  The  diameter  of  the 
electrode  used  was  3.2  mm. 

The  energy  supplied  to  a  mounted  skin 
sample  by  an  electric  arc  consists  of  local  beat 
concentrated  at  the  point  of  contact  and  ohmic 
heating  due  to  current  passage  through  the 
bulk  of  the  sample.  Only  the  local  heating  is 
a  source  of  ignition.  For  the  arc  conditions 
used,  it  was  determined  that  the  local  energy 
input  was  1.7  J/sec.,  and  this  Was  the  value 
.used  to  calculate  minimum  ignition  energy  in 
this  program. 

The  method  used  to  determine  the  energy 
per  unit  time  of  the  arc  was  as  follows:  Two 
samples  of  flesh  simulant  in  aluminum  foil 
cups  were  balanced  against  each  other  on  the 
two  pans  of  a  grounded  torsion  balance.  The 
electrode  was  placed  1.6  mm.  above  the  surface 
of  one  sample,  and  the  arc  was  struck  for  the 
desired  time.  The  weight  loss  due  to  local 
vaporization  of  water  by  contact  with  the  arc 
was  immediately  measured  by  rebalancing  the 
samples.  The  data  obtained  are  shown  in  fig¬ 
ure  5,  from  which  the  slope  shows  that  the  rate 
of  water  vaporization  is  approximately  0.7  X 
10~3  gm./sec.  For  a  latent  heat  of  vaporiza- 
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tion  for  water  at  21.1°  C.  of  585  caL/gm.,  the 
local  heat  input  rate  was  0.41  cal./sec.,  or  about 
1.7  J/sec. 

The  data  in  -figure  5  were  collected  with 
ambient  air  as  the  atmosphere.  Only  a  very 
am&fl  error  is  incurred  by  using  ambient  air 
Ittgtesfcef  258  m  Hg  of  oxygen,  because  the 

aM  W  ^  W  ^ AV  rtl  m4  V 

AiiSiM.  SUKVM  * 

in  two  diiferen  t  gases  with  all  other  conditions 
the  same  are  related  by: 

E  ate  at  1  atm.  .  oxygen  at  0.34  atm. 

£  oxygen  at  0.34  atm.  <  sir  at  1  atm. 

where  E  is  the  field  strength  and  «  is  the  di¬ 
electric  constant 

Since  t  air  at  1  atm.  is  1.00058  and  e  oxy¬ 
gen  at  0.34  atm.  is  nearer  unity,  only  a  negli¬ 
gible  difference  in  the  arcing  conditions  is 
predicted. 


FIGU&E  s 

Effect  of  arc  duration  on  iceigkt  loti  du«  to  elec¬ 
trical  arc  (SfiSO  volte,  $0  ept,  IJI-mnt.  gap)  striking 
sample  of  fleeh  simulant.  Each  data  point  averaged 
from  two  or  more  tests. 


The  results  of  tests  in  pure  oxygen  at 
24°  0.,  using  pigskin  samples,  are  presented 
an-d  discussed  in  this  suction.  Toot  .data  and 
representative  photographs  are  presented  iE 
appendixes  II  and  in,  respectively. 

Results  of  preliminary  testing 


A  series  of  preliminary  tests  was  performed 
to  ascertain  the  general  nature  of  skin  and  hair 
combustion  in  258  mm.  Hg  of  pure  oxygen  for 
pigskin  samples  prepared  and  mounted  as  de¬ 
scribed  in  section  IL  A  typical  sample  ob¬ 
tained  after  testing  is  shown  in  figure  6  (com¬ 
pare  with  figure  2).  Most  of  the  hair  was 
consumed,  but  the  exterior  layers  of  the  akin 
were  not  combusted.  However,  prolonged  ex¬ 
posure  of  the  skin  sample  to  the  electric  arc 
resulted  in  local  depletion  of  heat  sink  capa¬ 
bility,  exposure  and  ignition  of  subsurface  fat, 
and  combustion  of  the  bulk  of  the  sample. 

On  the  basis  of  these  results,  it  appeared 
likely  that  the  nap  (or  surface)  burning  of  the 
sample  eould  be  eliminated  through  removal 
of  a  portion  of  the  hair.  One  sample  was 
roughly  shaved  so  that  the  final  length  of  hair 
was  about  2  mm.  (approximately  0.125  inch). 
This  sample  (A6),  prior  to  testing,  is  shown 
in  figure  7.  The  remaining  hair  on  this  sample 
burned  similarly  to  that  on  sample  A3  (fig.  6), 
as  shown  in  figure  8.  The  next  sample  (A7) 
was  then  closely  shaved  (fig.  9).  No  surface 
burning  resulted  from '  the  use  of  the  arc  ig¬ 
niter,  but  prolonged  contact  resulted  in  expo¬ 
sure  of  fat  and  bulk  combustion,  as  shown  in 
figure  10.  The  use  of  a  cotton-wad  igniter 
produced  results  very  similar  to  those  obtained 
with  the  arc,  except  that  significant  fat  com¬ 
bustion  could  be  obtained  only  wnen  a  comer 
of  the  flesh  sample  was  exposed  directly  to 
the  burning  cotton. 

Since  the  initiation  of  bulk  combustion  of  a 
sample  was  believed  to  involve  an  artifact 
which  would  not  be  present  with  a  living  hu¬ 
man  subject,  the  program  evolved  into  a  study 
of  phenomena  associated  with  nap  burning,  or 


; 

C'j:  ' 


FIGURE  « 

a 

Sample  At  after  tee t  (ore  ifraitia*) 


hair  burning,  on  pigskin  and  human  skin 
samples. 

Test  results  with  pure  oxygen 

A  summary  of  the  test  results  with  pig¬ 
skin  samples  in  a  pure  oxygen  atmosphere  is 
presented  in  table  II.  Sample  standard  devia¬ 
tions  for  the  data  in  table  II  are  presented  in 
table  III.  The  deliberately  dried  samples  were 
exposed  to  20%  to  30%  relative  humidity  for 
two  days  prior  to  testing,  whereas  the  normal¬ 
ly  dried  samples  were  exposed  to  20%  to  30% 
relative  humidity  two  to  three  hours  before 
testing.  The  flame  spread  rates  and  the  total 


burn  times  were  determined  from  motion  pic¬ 
tures  of  the  tests.  No  spread  of  combustion 
was  noted  when  the  chamber  contained  at¬ 
mospheric  air. 

According  to  data  in  table  II,  the  flame 
spread  rate  for  hair  on  pigskin  is  strongly  de¬ 
pendent  upon  sample  conditioning.  As  noted 
previously,  the  presence  of  condensate  on  pig¬ 
skin  samples  prevented  ignition  with  the  arc. 
The  flame  spread  rate  also  appears  to  depend 
strongly  on  oxygen  pressure  and  hair  weight, 
but  it  will  be  shown  later  that  the  flame  spread 
rate  of  4.6  cm./sec.  at  180  mm.  Hg  pure  oxy¬ 
gen  may  be  somewhat  low  compared  to  a  flame 


FIGURE  7, 

Cloneup  of  tample  A9  before  tent  (eample  ehaved  to  t  etn.). 
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FIGURE  8 

CUiscup  of  sample  AS  after  test  ( sample  shaved  to  S  cm-;  are  ignition). 
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spread  rate  of  S.3  cm. /sec.  with  180  nun.  Hg 
0a  and  78  mm.  Hg  helium  obtained  later  in  the 
program. 

The  values  of  weight  loss  obtained  have 
little  merit  as  indicators  of  comparative  com¬ 
bustion  effects  because  of  the  small  losses  in 
comparison  to  the  reference  (unburned)  sam¬ 
ples.  An  error  of  I  gm.  in  these  weight  losses 
could  have  easily  been  due  to  adherence  of 
simulant  onto  the  tested  sample  or  the  refer¬ 
ence  sample. 


Values  for  total  burn  time  appear  to  have 
proceeded  through  a  maximum  as  flame  spread 
rate  was  decreased  (see  table  II).  This  type  of 
behavior  was  also  noted  in  testa  performed 
with  helium-diluted  oxygen  atmospheres,  as 
will  be  described  later.  The  data  given  in 
table  U,  however,  are  regarded  a s  qualitative 
only,  and  trends  in  these  data  are  not  explain¬ 
able  on  the  basis  of  flame  spread  rate. 

The  values  for  minimum  ignition  energy  for 
the  unshaved  samples  at  258  mm.  Hg  oxygen 
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were  very  rep  oducible,  as  reflected  in  the 
tow  standard  d  viation  shown  in  table  III.  It 
appears  that  a  reduction  in  oxygen  pressure 
and  removal  of  most  of  the  hair  cause  signifi¬ 
cant  increases  i :  ignition  energy,  although  the 
magnitude  of  ti  e  minimum  ignition  energy  at 
180  mm.  Hg  ser;  ms  out  of  line  with  the  others. 

IV.  EFFEC  TS  OF  DILUENT  GASES 

The  objective  of  this  portion  of  the  program 
was  to  determine  the  partial  pressure  of  helium 
which,  when  added  to  180  mm.  Hg  pure  oxy¬ 
gen,  would  prevent  flame  spread  on  pigskin 


samples.  The  procedures  used  for  these  testa 
were  generally  the  same  as  those  described 
in  section  II,  except  that  the  desired  partial 
pressures  of  dried  diluent  gases  were  added 
to  the  chamber  after  the  final  purge  with  oxy¬ 
gen  and  the  oxygen  pressure  was  reduced  to 
180  mm.  Hg.  Ignition  of  the  samples  with  the 
electric  arc  became  very  difficult  when  the 
helium  partial  pressure  was  elevated  above 
278  mm.  Hg.  In  tests  calling  for  diluent  pres¬ 
sures  higher  than  278  mm.  Hg,  cotton-wad 
igniters  were  used.  The  experimental  data 
for  each  of  these  tests  are  included  in  appen¬ 
dix  II,  with  representative  photographs  of 
samples  included  in  appendix  IIL 


FIGURE  10 

Sample  A7  after  teet  (tain pie  clotely  t hated;  are  Ignition). 
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TABLE  II 


Effects  of  various  parameters  oh  flams  spread  rate,  weight  loss,  total  bum  time,  and  minimum 
ignition  energy  for  pigskin  samples  in  a  purs  oxygen  atmosphere 
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TABLE  UI 

Statistical  variability  of  flame  spread,  rate,  total  bum  time,  and  madnaun 
ignition  energy  for  pigskin  samples  in  a  pure  oxygen  atmosphere* 


Coaditfams  of  testa 

Sample  S.D.  of  flame 
spread  rate 
(em./*sc.) 

Sam.il-i  SJ3.  of 
aotal  barn  time 
(see.) 

Sample  SJX  at 
ratuiraum  ignition 
energy  (J) 
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IS 
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IS 

L7 

0.0 

SSS  am.  Bg  O,;  hair  Isayth,  O.I2f  fat,;  normally 
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The  results  obtained  with  normally  dried, 
unsbaved  pigskin  sampiteg  tested  in  diluted 
oxygen  atmospheres  are  presented  in  table  IV. 
Values  of  standard  deviation  for  the  flame 
spread  rates  and  the  total  bum  times  are  also 
iarioded  is  table  IV.  Asc arcing  to  this  table, 
the  flame  spread  rate  neared  zero  as  tee  helium 
partial  pressure  was  increased  to  S7S  mm.  Hg. 
The  presence  of  the  burning  cotton  influenced 
the  burning  of  the  hair  is  these  tests;  thus, 
the  fact  that  30%  of  the  sample  area  burned 
at  5iS  mm.  Kg  helium  is  believed  to  be  a 
better  indication  of  the  condition  of  so  flame 
spread  than  of  the  flame  spread  rate.  It  is 
estimated  that  a  typical  sphere  of  influence  of 
tee  cotton  igniter  was  20%  to  30%  of  the 
sample  are a;  that  is,  the  combustion  of  the 
cotton  would'  have  caused  combustion  of  20% 
to  30%  of  the  sample  area  even  in  atmospheric 
air.  At  helium  concentrations  of  628  and  663 
mm.  Hg  the  flame  spread  occurred  only  so  long 
as  the  cotton  was  burning. 

The  flame  spread  rate  of  9J3  cm./sec.  at 
78  mm.  Hg  helium  agrees  very  well  with  that 
of  9.2  cm./sec.  for  samples  in  263  mm.  Hg  pure 
oxygen  (table  II).  Thus,  the  value  of  4.6  cm./ 
sec.  at  180  mm.  Hg  pure  oxygen  does  appear 
somewhat  low. 

Hie  flame  spread  rate  of  6.2  cm./ sec.  at 
278  mm.  Hg  helium  was  strongly  influenced 
by  one  very  high  value  of  Came  spread  rate 
(13.2  cm./sec.).  If  this  sample  were  omitted, 
the  flame  spread  rate  at  278  m  Hg  helium 
would  be  38  cm./sec.,  which  would  appear  in 
better  agreement  with  the  other  values 
obtained. 

The  values  of  sample  weight  loss  and  ig¬ 
nition  energy  given  in  table  IV  are  meaningful 
only  for  strictly  qualitative  purposes.  The  tow 
values  of  weight  loss  assure  that  no  bulk  com¬ 
bustion  of  the  samples  occurred,  and  the  high 
values  of  ignition  energy  indicate  that  this 
parameter  is  a  very  strong  function  of  the  at¬ 
mospheric  composition. 

The  test  series  using  678  mm.  Hg  nitrogen 
as  the  diluent  proved  to  be  interesting  because 
the  flame  spread  over  more  than  half  of  the 
sample,  on  the  average,  as  compared  to  almost 
no  flame  spread  with  tee  helium  diluent  at 


578  mm.  Hg  helium.  With  578  mm  Hg  nitro¬ 
gen  used  as  a  diluent  at  180  mm.  Hg  oxygen, 
the  flame  spread  rate  was  only  L2  cm./sec., 
as  compared  with  2.5  to  3m  cm./sec.  for  the 
helium-diluted  atmospheres  which  produced  a 
similar  extent  of  flame  coverage  of  the  sample 
area.  This  comparison  of  burning  rate  is  con¬ 
sistent  with  previously  reported  results  (1,  4, 
5),  which  indicate  that  tor  equal  mole  fractions 
of  helium  and  nitrogen  diluents,  flame  spread 
rates  are  higher  with  the  helium  diluent. 

If  the  combustion  of  hair  on  a  pigskin  sam¬ 
ple  is  viewed  as  depending  on  multiple  ignition 
of  successive  hairs  from  burning  hairs,  then 
tee  lack  of  flame  spread  with  678  mm.  Hg 
helium  diluent  versus  over  60%  coverage  with 
578  nun.  Hg  nitrogen  diluent  is  completely  con¬ 
sistent  with  tee  hypothesis  of  Kuggett  et  al.  (4) . 
These  investigators  observed  that  it  was  more 
difficult  to  ignite  solid  materials  in  helium- 
diluted  oxygen  than  in  nitrogen-diluted  oxy¬ 
gen.  They  attributed  this  to  the  higher 
thermal  conductivity  and  diffusivity  of  helium, 
which  resulted  in  a  decrease  in  tee  amount  of 
energy  available  locally  from  a  given  ignition 
source  in  helium-diluted  atmospheres  as  com¬ 
pared  to  nitrogen-diluted  atmospheres. 

One  series  of  diluent  tests  was  conducted 
with  pigskin  samples  shaved  to  a  final  hair 
length  of  about  2  mm.  The  test  conditions  and 
results  for  this  series  are  presented  in  table  V. 
Although  only  one  sample  was  tested  at  each 
condition,  the  data  obtained  are  very  consistent 
with  those  for  unsbaved  samples  (table  IV). 
Flame  spread  rate  and  percentage  of  area  cov¬ 
ered  decreased  as  the  helium  partial  pressure 
was  increased  until  the  condition  of  no  flame 
spread  for  these  samples  (SS3  mm.  Hg  helium 
diluent)  was  reached.  The  values  for  total 
burn  time  given  in  tables  IV  and  V  appear  to 
maximise  at  a  helium  partial  pressure  of  278 
mm.  Hg,  which  corresponds  to  intermediate 
values  of  flame  spread  rate.  It  is  suggested 
that  this  result  was  due  to  rapid,  complete  com¬ 
bustion  of  the  hair  in  pure  or  slightly  diluted 
oxygen,  relatively  slow  but  fairly  complete 
combustion  of  hair  at  intermediate  partial 
pressures  of  helium,  and  incomplete  combus¬ 
tion  of  the  hair  at  the  higher  helium 
concentrations. 
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TABLE  V 

Effects  of  diluent  helium  on  hair  and  skin  combustion  of  pigskin 
samples  tcith  hair  length  clipped  to  Q.12S  £*„* 
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Rots  of  the  flame  spread  rates  and  percent¬ 
ages  of  total  area  burned  versus  helium  partial 
pressures  for  the  diluent  tests  are  presented 
in  figures  11  and  12,  respectively.  These  plots 
illustrate  the  finding  that  no  sudden  reduction 
to  zero  in  flame  spread  rate  was  found ;  rather, 
the  rate  and  extent  of  flame  spread  for  these 
samples  were  a  continuous  function  of  helium 
concentration  without  a  well-defined  intercept 
on  the  diluent  concentration  axis. 

V.  PROTECTIVE  COVERINGS  AND 
OINTMENTS 

This  portion  of  the  program  was  performed 
to  determine  to  what  degree  doth  coverings, 
salves,  and  ointments  protected  against  hair 
combustion  in  oxygen-rich  atmospheres.  The 
testa  were  performed  with  unshaved  pigskin 
samples  prepared  as  described  in  section  XL 
The  temperature  for  these  teste  was  24°  C„ 
and  all  samples  were  incline..'  at  a  45-degree 
angle.  Data  and  photographs  from  these  tests 
are  included  in  appendixes  II  and  III, 
respectively. 

Froteetfca  by  salves  ami  ointments 

In  these  teste  the  ointment  to  be  tested  was 
placed  over  all  but  about  2.5  cm.  of  the  10-cra. 
sample  length.  The  uncoated  portion  of  the 
sample  was  exposed  to  a  burning  cotton  wad  an 


an  ignition  source,  which  provided  for  initia¬ 
tion  of  hair  combustion  on  the  uncoated 
portion  followed  by  extinguishment  or  con¬ 
tinuation  of  combustion  when  the  flame 
reached  the  eoated  area.  A  typical  sample  bo 
prepared  is  shown  in  figure  13. 

Four  types  of  protective  ointments  were 
tested:  silicone  high  vacuum  grease,  Kfil-F 
fluorocarbon  grease,  a  commercial  cold  cream, 
and  a  commercial  protective  hand  lotion.  A 
comparison  of  the  composition  of  these  mate¬ 
rials  is  presented  in  table  VI.  Both  the  cold 
cream  and  the  hand  lotion  are  used  to  soften 
and  protect  hands  from  chemical  or  allergic 
reactions.  Typical  application  rates  in  normal 
use  are  0.12  gm./sq.  an.  for  the  hand  lotion  and 
0.20  gm./sq.  cm.  for  cold  cream.  The  hand 
lotion  is  typically  applied  by  laboratory  tech¬ 
nicians  in  the  morning,  removed  at  lunch  time, 
and  reapplied  after  lunch. 

The  results  of  these  tests  are  summarized 
in  table  VIL  The  silicone  grease  proved  to  be 
combustible  in  pure  oxygen ;  so  no  further  test¬ 
ing  was  performed  with  this  material.  The 
samples  coated  with  KeJ-F  grease  were  not 
ignited  under  any  conditions,  but  it  should  be 
noted  that  the  least  amount  of  coverage  used 
(0.34  gm./sq.  cm,  or  2J2  gm./sq.  in.)  was  much 
higher  than  typical  application  rates  of  protec¬ 
tive  creams  and  lotions.  Samples  coated  with 
cold  cream  or  hand  lotion  did  not  burn  at 
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applic ctkm  rates  above  0j£  gau/uq.  cm.  (LS 
gnu/sq.  in.),  but  combustion  was  permitted 
in  some  cmm  at  lower  coverage  rates.  Sample 
M10,  after  tasting,  is  shown  in  figure  14. 

Ob  the  basis  of  these  results,  it  is  consid¬ 
ered  likely  that  the  amount  of  coverage 
(frema/squ*re  inch)  of  these  materials  re¬ 
quired  for  protection  against  hair  combustion 
is  pore  oxygen  will  be  greater  than  that  which 
is  comfortable  for  the  human  subjects. 


Protection  by  fire-itpeBaat  doth 

Two  types  of  glass  fiber  cloth  were  used 
in  these  teats:  one  with  a  weight  of  9  ua./ 
sq.  yd.,  ami  cne  with  a  weight  of  6  oz./sq.  yd. 
The  heavier  doth  is  used  fear  garments  worn 
during  space  missions,  sad  the  lighter  doth  is 
used  as  the  outer  bedding  cover.  The  two 
tyyos  of  tests  which  were  performed  with  each 
type  of  doth  were:  (1)  garment-fit  testa— a 
study  of  dame  propagation  beneath  strips  of 
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Efftet  of  kttarn  dilution  (with  M 


RIGUHE  12 

Bo  oxygon)  on  poreontapo  of  piQtkin  tempi*  arta  eovrrtd  by  f burnt. 


cloth  (2.5  cm.  wide)  separating  two  unprotected 
areas  of  hair ;  and  (2)  thermal-transfer  teats — 
a  study  of  ignition  of  hair  caused  by  thermal 
transfer  from  a  burning  cotton  wad  in  contact 
with  cloth  placed  on  the  sample. 

A  typical  sample  mounted  for  the  garment- 
fit  tests  is  presented  in  figure  15.  Upper  and 
lower  exposed  portions  of  skin  are  separated  by 
the  cloth  samples.  The  cotton  wad  (0-24  gm. 
each)  was  placed  on  the  lower  exposed  portion 
of  skin  and  ignited.  The  flesh  simulant  was 


made  into  a  mound  for  these  samples  so  that 
the  weight  of  the  doth  would  be  borne  by  the 
hair  and  not  by  the  edges  of  the  mounting  pans. 
Weights  of  zero,  1.8  gm.,  and  6.4  gm.  were 
placed  on  each  mid  of  the  doth  for  various 
test  series. .  Samples  were  mounted  at  a  46- 
degree  angle.  Determination  of  the  pressure 
distribution  on  die  sample  as  a  result  of  the 
weights  was  beyond  the  scope  of  this  program. 

The  results  of  these  tests,  presented  in 
table  VIII,  show  that  combustion  did  proceed 
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Pipskm  sample  MlO  prepared  for  test  of  flaw  spread  uritk  0,8  pm-feq.  t». 
cold  cream. 


under  the  doth  strips  at  weights  of  zero  or 
1.8  gm.  on  .each  end.  For  the  conditions  of 
looser  fit,  the  type  of  doth  made  little  differ¬ 
ence  in  the  probability  of  ignition  of  the  upper 
portion  of  the  sample.  For  prevention  of  flame 
spread  for  these  conditions,  the  weight  required 
on  each  end  of  the  cloth  is  between  LB  and 


6.4  gm.  A  typical  sample  which  did  result  in 
combustion  of  the  upper  portion  of  the  sample 
is  shown  after  the  test  (fig.  16).  The  heavier 
cloth  was  used  in  this  test 

The  samples  used  in  the  thermal-transfer 
tests  were  prepared  as  shown  in  figure  17,  with 
the  0.24-gm.  cotton-wad  igniter  placed  on  the 


TABLE  VI 


Properties  of  four  protective  greases  and  ointments  used  in 
flammability  tests  of  pigskin  samples 


Protective  material 

Density 

(gm./cc.) 

Approximate  composition 

Silicone  high  vacuum  greaBe 

1.1 

100%  silicones 

Kel-F  grease 

2.0 

100%  (C^Cl), 

Pond’s  cold  cream 

1.1 

12.5%  sperm  oil;  12.0%  white  wax;  56.0% 
oil  of  almond;  0.5%  Na3BOs;  5.0%  rose 
water;  14.0%  water 

Cornhuskcr’s  lotion 

1.1 

5.7%  ethyl  alcohol;  12.3%  glycerine  and 
other  nonvolatile  oils;  82.0%  water 

TABLE  VII 


Effects  of  four  creams  or  salves  on  skin  and  hair  combustion  for  pigskin  samples* 
(five  samples  for  each  test  unless  otherwise  noted) 


Cream  or  salve 

Atmosphere  used 

Amount  of 
cream  or  salve 
applied 
(gm./sq.  in.) 

Test  results 

Silicone  vacuum  greas ; 

258  mm.  Hg  02 

3.0 

Silicone  grease  ignited;  samples 
entirely  consumed. 

Kel-F  grease 

258  mm.  Hg  02 

2.5 

No  combustion 

Kel-F  grease 

258  mm.  Hg  02 

0.95 

No  combustion 

Kel-F  grease 

258  mm.  Hg  02 

0.44 

No  combustion 

Kel-F  grease 

70%  Oj-30%  He; 

258  mm.  Hg  total  pressure 

0.34 

No  combustion 

Pond’s  cold  cream 

(8  samples  tested)  , 

258  mm.  Hg  02 

0.07  to  0.89 

; 

The  sample  at  0.07  gm./sq.  in.  burned 
(0.22  cm./sec.  spread  rate;  85 Ji  see. 
total  burn  time);  the  others  did  not 
burn— even  at  coverage  of  0.08 
gm./sq.  in. 

Pond’s  cold  cream 

70%  O2-30%  He; 

258  mm.  Hg  total  pressure 

0.35 

No  combustion 

Cornhusker’a  lotion 

258  mm.  Hg  02 

0.48 

No  combustion 

Comhusker’s  lotion 
( 10  samples  tested ) 

70%  O2-30%  He; 

258  mm.  Hg  total  pressure 

0.11  to  0.88t 

Two  samples  burned — one  at  0.18  gm./ 
sq.  in.  (0.49  cm./sec.  spread  tats; 
15.6  sec.  total  burn  time);  and  one 
at  0.19  gm./sq.  in.  (0.92  cm./sec. 
spread  rate;  9.4  sec.  total  burn 
time). 

«Arproxlmatety  1  la.  of  the  Mmpk  wu  Wfl  uncovered  to  that  IffnIUoa  wM  raauK  for  IK*  (oiloa^rad  Icnlter  la  all  taoW. 
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TABLE  VIII 


Effects  of  cloth  protection  on  ignition  of  pigslcin  samples  in  oxygen-rich  atmospheres* 
(five  samples  per  test,  unless  noted  differently) 


Type  and  conditions 
of  test 

Cloth  type 

Atmosphere 

Results 

Garment-fit;  no  weight 

Fyrepel 

2S8  mm.  Hg  02 

Combustion  proceeded  on  two  out 

on  cloth 

(9  or./sq.  yd.) 

of  five  samples 

Garment-fit;  1.8  gm.  on 
each  end  of  cloth 

Fyrepel 

(9  oz./sq.  yd.) 

258  mm.  Hg  0S 

No  combustion  of  top  area  of  any 
sample 

Garment-fit;  6.4  gm.  on 
each  end  of  cloth 

I’  /repel 

(9  oz./sq.  yd.) 

258  mm.  Hg  02 

No  combustion  of  top  area  of  any 
sample 

Thermal-transfer 

Fyrepel 

(9  oz./sq.  yd.) 

258  mm.  Hg  02 

Sample  ignited  for  four  out  of  five 
samples.  Average  delay  time 
between  cotton  ignition  and  hair 
ignition,  11.8  sec.;  S.D.,  2.0  sec. 

Thermal-transfer 

Fyrepel 

(9  oz./sq.  yd.) 

70%  Oa-30%  He; 

258  mm.  Hg  total  pressure 

No  samples  ignited 

Garment-fit;  no  weight 
on  cloth 

Vistaglas 

(6  oz./sq.  yd.) 

258  mm.  Hg  02 

No  combustion  of  top  area  (three 
samples) 

Garment-fit;  1.8  gm.  on 
each  end  of  cloth 

Vistaglas 

(6  oz./sq.  yd.) 

258  mm.  Hg  Oa 

Combustion  of  top  area  in  one  out 
of  four  samples 

Garment-fit;  6.4  gm.  on 
each  end  of  cloth 

Y’staglas 

(6  oz./sq.  yd.) 

258  mm.  Hg  Oa 

No  combustion  of  top  area 

Thermal-transfer 

V  istaglas 

(6  oz./sq.  yd.) 

258  mm.  Hg  02 

All  samples  ignited.  Average  delay 
time  between  cotton  ignition  and 
hair  ignition,  S.6  sec.;  S.D., 
22  sec. 

Thermal-transfer 

Vlstaglas 

(6  oz./aq.  yd.) 

70%  0a-30%  He; 

25S  ram.  Hg  total  pressure 

All  samples  ignited.  Average  delay 
time  between  cotton  ignition  and 
hair  ignition,  13.0  sec.;  S.D., 
1.6  sec. 

•In  tb«  onMit-flt  tosu  a  15-cm.  strip  of  th»  tloU  was  oacd  to  separata  two  anprotsetsd  arras  of  hair  on  a  isasW  sal  pis,  aa4  a 
hot  wire -teuton  Umitrr  was  naad  to  ipnlts  the  lower  arsa.  In  tha  tkrrmsMramfrr  tasta  a  saaphi  of  cloth  waa  slant  mr  the  hottoai  half 
of  tha  skin  sample,  and  a  cotton  vad  placed  oa  top  of  tha  doth  was  ignited. 


portion  of  doth  in  contact  with  the  sample.  A 
portion  of  the  cloth  was  folded  to  present  a 
barrier  against  hair  ignition  resulting  directly 
from  the  cotton-wad  flame.  Therefore,  if 
sample  ignition  occurred,  it  must  have  resulted 
from  thermal  transfer  through  the  cloth.  The 
results  of  these  tests  with  the  two  types  of 
cloth  are  also  included  m  table  VIII. 


The  heavier  cloth  seemed  to  afford  much 
more  protection  against  ignition  by  thermal 
transfer  than  the  lighter  cloth,  not  only  be¬ 
cause  of  its  greater  thickness  and  density  but 
also  because  some  portion  of  the  lighter  weight 
material  was  consumed  by  the  combustion. 
Samples  after  thermal-transfer  tests  with  the 
heavier  and  lighter  cloths  are  presented  in 
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Pigtlda  tampU  Oil  aJUr  pamet-fit  tett.  A  eotton-tesd  isrtiltT  wo»  ta*d 
mthaUsL 


FIGURE  17 

Pifftki a  sample  S3  prepared  for  thermal-transfer  test  with  lighter  cloth 
(B  oz./tq.  gd.). 


figures  18  and  19,  respectively.  The  lighter 
cloth  (6  ox./sq.  yd.)  offered  less  protection  to 
the  sample  than  the  heavier  doth  (9  oz./ 
aq.  yd.),  as  evidenced  by  the  relative  sizes  of 
the  burned  areas. 

VL  COMBUSTION  TESTING  OF 
HUMAN  SKIN  SAMPLES 

Analytical  data  from  f&t  and  water  analy¬ 
ses  of  the  human  skin  samples  are  included  in 
appendix  L  Test  data  and  representative 
photographs  are  contained  in  appendixes  II  and 
III,  respectively.  Data  concerning  the  sources 


of  the  human  skin  samples  and  pertinent  in¬ 
formation  regarding  the  persons  from  whom 
the  samples  were  taken  are  presented  in 
appendix  IV. 

General  observations 

The  human  skin  samples  used  in  the  pro¬ 
gram  were  obtained  from  autopsy  operations 
at  local  hospitals.  Initially,  amputation  sam¬ 
ples  were  obtained,  but  these  were  not  used 
because:  (1)  the  amputated  flesh  had  been 
completely  shaved  before  the  surgical  pro¬ 
cedure  ;  (2)  the  odor  from  the  amputated  flesh 


flGU&E  18 

Pigekin  aampl*  Pn  after  tkenual-trcaufer  tett  with  heavier  cloth 
($  ozJeq.  yd.)  intSS  am.  Jig  pure  oeyger. 


made  it  difficult  to  handle;  and  (S)  tie  dis¬ 
eased  skin  and  flesh  would  likely  not  provide 
an  adequate  simulation  of  healthy,  living  uln'n 

None  of  the  autopsy  skin  specimens  ||<wl  in 
the  program  contained  as  much  hair  as  the 
pigskin  samples,  although  many  human  sam¬ 
ples  held  &  few  scattered  hairs.  Most  of  the 
first  human  samples  had  been  locally  shaved 
as  a  part  of  the  autopsy  procedure,  but  for 
later  samples  it  was  requested  that  they  con¬ 
tain  as  much  hair  as  possible  and  that  they  not 
be  shaved.  Even  so,  only  one  of  the  samples 


used  was  covered  by  enough  hair  for  it  to  ig¬ 
nite  and  spread  over  the  samples  in  as  atmos¬ 
phere  of  258  ram.  Hg  pure  oxygen. 

The  human  akin  waa  generally  thinner  and 
tougher  than  the  pigskin,  except  for  akin  from 
breast  areas  of  women.  Some  human  samples 
were  somewhat  wrinkled,  probably  from  age, 
and  these  were  affected  least  by  the  electric 
arc  with  which  ignition  was  attempted.  For 
several  of  the  human  skin  samples,  attempts 
were  made  to  ignite  the  bulk  of  the  sample  by 
leaving  the  arc  on  for  up  to  several  minutes. 


I  % 
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FIGURE  19 

Pigskin  sample  BS  after  thermal-transfer  test  with  lighter  doth  (S  ozj 
sq.  ud.)  ia  an  atmosphere  of  70<&  oxyge*~30%  helium  at  tSS  mm.  Hg  total 
pressure. 


However,  no  human  skin  sample  amid  be  ig¬ 
nited  in  bulk  as  was  the  pigskin  sample  shown 
in  figure  10  (a  typical  result  of  a  long  expo¬ 
sure  to  the  arc). 

Combustion  data  for  human  and  pig  hair 

Table  XX  presents  a  comparison  of  values 
for  various  combustion  parameters  measured 
in  258  mm.  Hg  oxygen  for  samples  of  unshaved, 
normally  dried  pigskin  and  for  one  sample  of 
human  skin  containing  body  hair.  The  human 
skin  was  prepared  in  a  manner  similar  to  the 


pigskin  samples.  Photographs  of  the  human 
sample  (S-7A)  before  and  after  the  test  are 
presented  in  figures  20  and  21,  respectively. 

The  data  in  table  IX  indicate  that  the  flame 
spread  rate  of  the  human  hair  in  pure  oxygen 
was  much  greater  than  the  average  value  ob¬ 
tained  for  pig  bristles.  This  large  difference 
is  believed  to  be  due  to  the  fineness  (small 
diameter)  of  the  human  hair  as  compared  with 
the  pig  bristles.  The  fineness  of  the  human 
hair  may  also  account  for  the  short  burning 
time,  although  the  value  of  1.9  seconds  is  not 
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out  of  line  with  the  average  total  tune  of 
2.8  seconds  for  deliberately  dried  pigskin 
(table  II).  The  ignition  energy  required  for 
the  human  sample  would  be  expected  to  be  high 
because  of  the  smaller  hair  concentration  com¬ 
pared  to  the  pigskin  samples.  The  value  of 
4.3  J  for  the  human  sample,  however,  is  very 
similar  to  the  average  value  of  4£  J  for  par¬ 
tially  shaved  pigskin  samples. 

The  significant  differences  between  values 
for  flame  spread  rate,  ignition  energy,  and 
burning  time  for  human  hair  ar  u  suckling  pig 
bristles  indicate  that  pigaki"  samples  do  not 
provide  effective  simulation  of  human  skin 
samples  in  terms  of  the  combustion  of  the  hair 
present  In  addition,  the  pigskin  samples  ex¬ 
hibited  a  greater  tendency  toward  the  forma¬ 
tion  of  artifacts  (fat  exposure)  leading  to  bulk 
combustion  of  the  samples  than  did  the  hu¬ 
man  skin  samples.  These  differences,  plus  the 
extreme  variability  noted  in  the  texture,  thick¬ 
ness,  and  toughness  of  human  skin  from  vari¬ 
ous  subjects,  indicate  that  samples  of  white 
suckling  pigskin  do  not  adequately  simulate 
human  skin  and  its  response  to  ignition 
sources.  It  is  believed  that  skin  samples  from 
autopsy  specimens  should  offer  a  more  realis¬ 
tic  definition  of  human  skin  response  to  igni¬ 
tion  sou-cos  in  oxygen-rich  environments  than 
do  pigskin  samples. 


VII.  DISCUSSION  OF  RESULTS 

Comparison  with  previous  work 

A  report  of  the  most  extensive  experimen¬ 
tation  relating  to  the  flammability  of  skin  and 
hair  has  been  published  by  the  Royal  Air  Farce 
Institute  of  Aviation  Medicine,  Famborough, 
Hants,  ILK.  Denison  et  ah  (6, 7)  have  described 
experiments  with  clothed,  dead  pigs  in  oxygen- 
enriched  atmospheres,  in  which  it  was  found 
that  ignition  of  the  doth  would  result  in 
spreading  of  the  flame  over  the  pig,  combus¬ 
tion  of  the  hair  present-  and  blistering  of  the 
skin,  but  no  bulk  combustion  of  the  subdermal 
fat  and  flesh-  In  experiments  with  depilated 
human  skin  from  an  amputated  limb,  these 
investigators  (8)  found  that  sections  of  the 
human  skin  would  undergo  grcss  combustion 
evp  i  when  backed  by  a  substantial  heat  sink 
capacity  such  as  a  metal  base  or  a  thin-walled 
metal  container  filled  with  water. 

The  resuits  of  Denison  et  ai.  with  pigskin 
studies  are  entirely  consistent  with  the  results 
obtained  from  the  work  reported  herein,  but 
it  now  appears  that  their  result  of  bulk  burn¬ 
ing  of  human  skin  was  due  to  localized  artifacts 
caused  by  exposed  fat  and  depletion  of  heat 
sink  capability.  It  is  believed  that  these  arti¬ 
facts  were  prevented  in  the  present  program 
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FIGURE  21 


Humor,  shin  sample  S7A  after  combustion  test  with  arc  ignition  m 
£SS  ttitti.  Up  pure  oxygen^ 


through  mounting  of  the  skin  samples  in  a 
material  (flesh  simulant)  with  heat  sink  capa- 
bility  similar  to  that  of  the  skin  and  by  en¬ 
suring  that  edges  of  the  skin  samples  were  in 
contact  with  the  flesh  simulant  material. 

The  use  of  the  flesh  sinfulant  material  in 
this  manner  also  eliminated  preferential  propa¬ 
gation  of  flame  up  the  edges  of  the  sample. 
Thus,  flame  spread  ratss  and  relative  flame 
coverage  values  determined  in  this  program 
were  not  influenced  by  edge  effects. 

Values  obtained  in  this  program  for  flame 
spread  rate  and  critical  helium  concentration 
(for  zero  flame  spread)  are  compared  to  values 
of  these  parameters  obtained  by  Huggett  et  al. 
(4)  for  other  materials  (table  X).  The  values 
from  the  present  work  for  unshaved  pigskin 
samples  for  flame  spread  rate  and  critical 
helium  concentration  arc  completely  consistent 
with  reported  values  for  other  types  of 
combustibles. 

Comparison  of  the  minimum  ignition  energy 
obtained  for  pig  bristles  in  258  mm.  Hg  pure 


oxygen  with  that  reported  for  other  materials 
is  very  difficult  because  of  the  differences  in 
technic.  If  it  is  assumed  that  the  electric  arc 
uniformly  affected  the  observed  blister  area 
of  0.5  sq.  cm.,  the  minimum  ignition  energy 
for  pigskin  would  be  about  0.2  cal./sq.  cm. 
This  value  is  several  orders  of  magnitude  lower 
than  typical  values  obtained  for  wood,  cotton 
cloth,  etc.,  using  a  radiation  source  (4).  It  is 
believed  that  too  little  is  known  about  ignition 
energy  requirements,  in  general,  and  about  arc 
ignition,  in  particular,  for  this  comparison  to 
be  valid  at  present. 

Correlation  with  fat,  water,  and  hair  content 

In  no  case  was  a  correlation  found  to  exist 
between  flame  spread  rate,  minimum  ignition 
energy,  or  total  burn  time  and  the  results  of 
fat,  water,  and  hair  analyses.  This  is  not  sur¬ 
prising  for  the  data  on  fat  and  water  content, 
but  one  might  expect  that  a  variation  of  1  to 
8  mg./sq.  cm.  hair  content  might  have  some 
effect  on  the  combustion  parameters  studied. 
The  only  direct  correlations  observed  concern¬ 
ing  hair  content  were  the  reduction  in  flame 


TABLE  X 


Values  of  combustion  parameters  for  unshaved  pigskin  samples 

and  other  materials 


Sample  material* 

Flame  spread  rate 
in  258  mm.  Bg 
pure  oxygen 
(cm./sec.) 

Critical  helium  concentration  for 
zero  flame  spread  (mole  %  He 
at  760  mm.  Hg  total  pressure) 

Pigskin  and  bristles 

9.2 

75.2 

Wood 

0.9 

84.8 

Paper 

2.8 

88.4 

Cellulose  acetate 

0.8 

80.1 

Cotton  fabric 

8.1 

85.4 

Foam  cushion 

88.0 

68.0 

Plastic  wire 

2.1 

74.0 

Painted  surface 

1.1 

80.1 

‘Data  for  mat'  H*J  ethtjr  than  p table  warn  taken  from  nftmti  4, 
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spread  rate  and  the  increase  in  minimum  igni¬ 
tion  energy  due  to  partial  shaving  of  the  pig¬ 
skin  samples  (to  a  final  hair  length  of  2  cm.). 
The  limit  of  this  correlation  is  provided  by  the 
completely  shaved  pigskin  samples  and  the 
nearly  hairless  human  samples,  for  which  the 
flame  spread  rate  was  zero  and  the  minimum 
ignition  energy  (for  bulk  combustion)  was 
greater  than  could  be  determined  by  the  meth¬ 
od  used  for  hair  ignition. 

One  possible  explanation  for  the  lack  of  cor¬ 
relation  between  combustion  parameters  and 
hair  content  for  ur  shaved  pigskin  samples  is 
that  the  variations  obtained  in  the  analysis  of 
hair  content  were  on  a  smaller  (area)  scale 
than  variations  between  the  samples  used;  that 
is,  if  the  entire  samples  could  have  been  shaved 
and  the  hair  content  determined,  the  variation 
would  probably  have  been  much  less  than  that 
observed  between  J-  by  2-inch  samples  used 
for  analysis. 

Another  possible  interpretation  is  that  hair 
length  is  the  most  important  factor  in  flame 
spread  rate.  On  this  basis,  the  higher  flame 
spread  rate  for  the  human  sample  compared 
to  pigskin  samples  (table  IX)  would  be  some¬ 
what  expected  because  of  the  longer  length 
of  the  human  hair  (fig.  19).  This  relationship 
between  hair  length  and  flame  spread  rate 
might  be  tenable  it  the  amount  of  oxygen 
available  to  the  hair  combustion  process  is  a 
function  of  hair  length. 

VIII.  CONCLUSIONS 

The  following  conclusions  have  been  drawn 
as  a  result  of  the  work  performed  under  this 
program : 

1.  Two  types  of  combustion  can  occur 
when  pigskin  and  heir  art*  exposed  to  an  igni¬ 
tion  source  in  an  oxygen-enriched  atmosphere. 
The  first  type  of  combustion  is  nap  burning  of 
the  hair,  and  the  second  is  bulk  burning  of  the 
skin  and  fat.  Bulk  combustion  of  skm  and 
fat  is  possible  only  through  the  presence  of  an 
artifact  consisting  of  exposure  of  fat  to  the 
ignition  source  and  depletion  of  local  heat  sink 
capability. 


2.  The  flame  spread  rate  for  hair  combus¬ 
tion  on  pigskin  samples  in  258  mm.  Hg  pure 
oxygen  is  approximately  9  cm./sec.  The  flame 
spread  rate  can  be  greatly  increased  by  lengthy 
exposure  of  the  sample  to  a  dry  atmosphere 
and  can  be  decreased  through  wetting  the  hair 
or  by  reduction  of  the  hair  length.  Completely 
shaved  samples  of  pigskin  or  human  skin  will 
not  undergo  nap  burning  in  258  mm.  Hg 
oxygen. 

3.  In  atmospheres  containing  180  mm.  Hg 
oxygen  it  is  necessary  to  bring  the  helium 
partial  pressure  to  578  mm.  Hg  before  no  flame 
spread  is  observed  on  unshaved  pigskin 
samples. 

4.  The  minimum  ignition  energy  for  pig 
bristles  in  258  mm.  Hg  pure  oxygen  Is  approxi¬ 
mately  0.3  J.  This  minimum  ignition  energy 
cannot  be  reduced  by  drying  the  sample,  hot 
dilution  with  an  inert  gas  or  partial  removal 
of  the  hair  increased  the  ignition  energy 
requirement. 

5.  Of  the  two  types  of  glass  fiber  doth 
tested,  the  thicker  and  heavier  doth  offered 
more  protection  against  ignition  of  hair  fay 
thermal  transfer  through  the  doth.  The  two 
types  of  cloth  offered  essentially  equal  pro¬ 
tection  against  flame  propagation  under  fire 
breaks  consisting  of  doth  strips  (2J>  cm.  wide) 
held  against  pigskin  samples. 

6.  Various  salves,  creams,  and  lotions 
were  found  to  prevent  flame  spread  on  pigskin 
samples  in  258  mm.  Hg  pure  oxygen,  but  the 
extent  of  application  necessary  to  ensure  pre¬ 
vention  of  ignition  appeared  to  be  greater  than 
the  amounts  of  cold  cream  and  hand  lotion 
usually  applied. 

7.  Samples  of  skin  and  hair  from  white 
suckling  pigs  do  not  appear  to  offer  effective 
simulation  of  the  response  of  human  skin  and 
hair  to  ignition  sources  in  oxygen-enriched  at¬ 
mospheres.  On  the  basis  of  the  results  of  this 
program,  the  flame  quoad  rats  for  human  hair 
is  greater  than  for  pig  bristles,  probably  be¬ 
cause  of  the  smaller  diameter  of  the  human 
hair  tested  as  compared  to  that  of  pig  bristles. 
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